SUMMARY The effects of delayed administration of pentobarbital and a novel imidazole derivative (Nizofenone or Y-9179) on the infarction size following the regional cerebral ischemia were studied using the permanent middle cerebral artery (MCA) occlusion model in cats. The courses of local cerebral blood flow (€CBF) before and after drug administration were also studied using the hydrogen clearance method. The extent of infarction one week after MCA occlusion was significantly smaller in the drug-treated groups than in the control group. Regarding the time-course of (,CBF, there was no significant differences between the control and the Y-9179 groups. On the other hand, pentobarbital administration caused a significant €CBF increase in low-flow areas where the £CBF following MCA occlusion was below 40 ml/lOOg/min. In spite of this flow increase, the corresponding cortical areas underwent infarction. Histological examination of the state of vasogenic edema revealed that the perivascular exudation of plasma fluid in the infarcted area was definitely less in the Y-9179 treated group than in the other groups. Results indicate that redistribution of €CBF may not be involved in the mechanism of cerebral protection by pentobarbital or Y-9179.
In animal experiments it was shown that a barbiturate (methohexital) altered cerebral blood flow (CBF) so that local CBF (€CBF) in the severely ischemic area was increased and that in the unaffected area was decreased (inverse steal). 7 Since such a hemodynamic effect might also be relevant to the action of Y-9179, we undertook the present experiments to evaluate i) effect of delayed administration of PBT or Y-9179 on €CBF as measured by the hydrogen clearance method and ii) overall effects of these drugs in terms of histological changes one week after the ischemic insult, using a permanent MCA occlusion model in cats. 8 -9 Materials and Methods Twenty-four adults cats of both sexes weighing 2.0-3.9 kg were used in the present study. One or two weeks prior to MCA occlusion, the implantation of glass-coated platinum electrodes with bared tips plated with platinum black was carried out under PBT anesthesia (35 mg/kg). The positions of the electrodes are shown in figure 1 . The electrode tips of channels 1 and 6 were located in the right and left internal capsule and the remaining eight in predetermined positions in the cerebral cortex. The diameters of the electrodes in the internal capsule and the cerebral cortex were 200 and 100 micra, respectively.
The insertion of the electrodes into the cortex was carefully undertaken using an operating microscope, through small burr holes in the calvarium and tiny incisions in the dura mater. Those electrodes together with an indifferent reference electrode were placed in the subcutaneous tissue and were then connected to a socket which was fixed to the skull with Bio-resin.
A few days following electrode implantation, €CBF measurements were recorded and repeated daily until the MCA was occluded. The €CBF fluctuated little, and the means for obtained values were calculated for each electrode. This value of the €CBF was used as the control €CBF for each electrode during later statistical analyses.
All €CBF measurements were painlessly carried out without anesthesia. Hydrogen, at a flow rate of 1.5 liter per minute, was given to the animal through a mask inhalator held a slight distance from the nose. Having been trained prior to MCA occlusion, the animals exhibited little agitation during the procedure so that only moderate restraint was necessary. The €CBF values were calculated according to the two-minute initial index method.
CEREBRAL PROTECTION BY PENTOBARBITOL AND NIZOFENONE/OCAHCH et al. ery from anesthesia was awaited from 20-25 minutes. Then blood gasses were determined to see that the pC02 was in the physiologic range (20-35 mm Hg). 13 The first measurement of the €CBF was carried out 20-25 minutes after MCA occlusion. The €CBF value for each electrode was designated as P-€CBF. Then, the animal was transferred to an observation cage, where the room temperature and humidity were maintained at 23-24°C and 50-55%, respectively. According to a predetermined schedule shown in table 1, measurements of £CBF, respiratory rate, heart rate, rectal temperature, blood pressure, neurological status and blood gasses were carried out. The scoring scale of the neurological status as well as the schedule of drug administration were the same as in the previous reports. 1 The animals were allotted in a random fashion to the control, PBT and Y-9179 treatment groups. Drug dosage was PBT (25 mg/kg/day) and Y-9179 (6.25 mg/kg/day) for three days, respectively. Since it was expected that the control group would exhibit a higher mortality rate than the others, a larger number of animals was allotted to the control group. Therefore, the number of animals in the control, PBT and Y-9179 groups was 11, seven and six, respectively. Animals surviving one week were subjected to cerebral perfusion-fixation, using Karnovsky's solution, via the bilateral carotid artery under PBT anesthesia, following the intracarotid injection of Evans blue (2% solution, 2.5 ml/kg). The brains were removed for histologic examination. Sections were stained with hematoxylin-eosin, luxol-fast blue and cresyl violet. Serial sections were obtained in the four coronal planes at the predetermined sites as described in a previous report, 1 and areas of different histological changes were defined under a microscope. The ratio of the area of each histological change to the entire hemispheric area was obtained planimetrically as the mean of those in the four sections. For the purpose of studying the relationship between the €CBF and the histological changes in topographically corresponding cortical areas, the position of the electrode tip was identified using serial sections. When it was within the area of a certain histological change with a separating margin of at least 2 mm from the adjacent area, the electrode was considered to yield the typical course of the €CBF for that histological change. This is because the area in which a hydrogen-sensitive electrode measures tissue flow is confined to 2 mm radius. 14 Those electrodes situated between different histological changes and not included in the above category were classified as borderzone electrodes.
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The values in the text are shown as means ± standard errors. Statistical analyses, except for mortality rates, were performed using Student's f-test.
Results
Four out of 11 cats in the control group and one out of the seven in the PBT group died during the observation period. None died in Y-9179 group. Autopsy of the dead animals revealed that the cause of death was transtentorial or tonsillar herniation due to massive brain edema. Mortality rate was greater in the control group than in the other two groups, although the difference was not statistically significant (x 2 -test). In the remaining 19 cats (control: 7; PBT: 6; Y-9179: 6), the following results were obtained.
Vital signs, blood gasses and neurological scores
Except for slight diminution in the respiratory rate as well as an increase in the heart rate in the PBT group, no statistical differences were observed in the vital signs and blood gasses among the three experimental groups. During the period of drug administration, the neurological scores were high in the PBT group, but these dropped rapidly upon discontinuation of the drug ( fig. 2 ). The rectal temperature fell to about 34°C during surgery. This seemed to be due to halothane anesthesia. After several hours, the rectal temperature of each animal returned to normal. At the dose used in the present study, PBT did not cause any significant fall in the rectal temperature.
The courses of the €CBF following MCA occlusion
The electrode values from which stable data were not obtained prior to MCA occlusion and those which were accompanied by evidence of local hemorrhage were excluded from study. The total number of electrodes were, therefore, 63 in the control, 58 in the PBT and 56 in the Y-9179 groups, respectively. The average of the cortical €CBF prior to MCA occlusion in all the electrodes was 83 ± 7 ml/lOOg/min and that of the white matter (the internal capsule) was 53 ± 7 ml/ lOOg/min. In the control group, the €CBF dropped in all the channels in the affected hemisphere following MCA occlusion. This was particularly prominent in channels 2,3,8 and 9, which were in the territory of the MCA. The electrodes in channels 4, 5 and 10, which were in the peripheral zone of the MCA territory, generally showed less marked drops in the €CBF (fig. 3A) . In the PBT and Y-9179 groups, a drop of the €CBF similar to that in the control group was observed following MCA occlusion. However, there were considerable differences in the later courses of the €CBF between the two groups. As shown in figure 3B , a striking increase in the €CBF of channels 2 and 3 in the PBT group was observed at 30 minutes after drug administration. This was significantly greater than that of the P-€CBF (p < 0.05). This was maintained with some fluctuations throughout the observation period. In the Y-9179 group, the courses of the €CBF in each channel were almost the same as in the control group ( fig.  3C ).
To further analyze the €CBF changes in the early ischemic period, the difference between the P-€CBF and the mean of later €CBF values during the first three hours (ACBF) was calculated with each electrode in all experimental groups. The correlation between the ACBF and P-€CBF was analyzed in each group (fig.  4) . A linear correlation was found in the control group and the regression line crossed the abscissa at about 40 ml/lOOg/min. Similar correlations were revealed in the Y-9179 and PBT groups. However, since the distribution of points was apparently different in the PBT group, the data were reassembled into four subgroups according to the values of P-€CBF ( fig. 5) .
In each subgroup, the ACBF was compared among the three experimental groups. No significant differences were found between the control and Y-9179 groups. However, in the subgroups with a P-€CBF less than 40 ml/lOOg/min, the ACBF in the PBT group was significantly greater than those in the control and Y-9179 groups. On the other hand, in the subgroup with an €CBF greater than 40 ml/IOOg/min, no statistical significance was found among three groups. Thus, PBT caused a selective €CBF increase in the area where the P-£CBF was less than about 40 ml/100g/ min. Most of the electrodes showing the above increase of the €CBF belonged to channels 2 and 3. Once the redistribution of the €CBF was established during the early ischemic period, €CBF values in each experimental group shifted without major fluctuations throughout the observation period ( fig. 3A, 3B and 3C). Figure 6 shows the €CBF courses in the contralateral hemisphere in the control group. There was a statistically significant £CBF reduction in both the gray (channel 7) and the white (channel 6) matters following MCA occlusion, indicating the occurrence of diaschisis. I518 This €CBF reduction recovered to the control level 120-144 hours after MCA occlusion. The PBT and Y-9179 groups showed courses of contralateral €CBF similar to that of the control group. Drug administration did not significantly influence the contralateral €CBF.
3. Correlation between the infarction ratio and the mean P-€CBF Histological examination revealed zones of four distinct pathological changes as described by Garcia et al., 19 i.e., the normal, marginal, reactive and central zones. For the convenience of calculation of the infarction ratio, area A (severely affected area) was defined as including the central and reactive zones and area B (moderately affected area) as corresponding to the marginal zone.
As shown in the previous report, 1 there was a wide variation in the infarction ratio (the ratio of area A or B to the entire hemispheric area, being averaged in the four coronal sections in each animal). On the assumption that the variability of the infarction ratio was due to the difference in the severity of the initial flow reduction following MCA occlusion, the relationship between the infarction ratio and the mean P-€CBF in the affected hemisphere was examined ( fig.  7 ). In the control group, there was a close correlation between the infarction ratio and the mean P-€CBF (r = 0.98 for area A and r = 0.95 for area A + B). Thus, the variability in the infarction ratio almost exclusively depended on the severity of the initial flow reduction. The same procedure undertaken with the PBT and Y-9179 groups revealed that the points were mostly situated below and to the left of the regression line of the control group. No significant differences in the infarction ratio were obtained among the three groups. This seemed to be due to the fact that the control group incidentally included a few animals with only slight initial flow reductions following MCA occlusion ( fig. 7 ). Therefore, a statistical analysis was again carried out after excluding the animals with a mean P-€CBF greater than 50 mg/lOOg/min ( fig. 7 below) from all groups. Significant differences between the control and drugadministered groups were then revealed.
Effects of drugs on vasogenic edema
Histological examination was carried out using light-, fluoro-and electron microscopes. The results will be reported in detail elsewhere. In the present section, findings in reference to vasogenic edema will be briefly described. Vasogenic edema is characterized by the perivascular exudation of plasma, as evidenced by fluid accumulation and leakage of Evans blue. 20 Such changes were most prominent in the periphery of the central zone as well as in the inner layer of the reactive zone (photo). To evaluate the severity of vasogenic edema in each experimental group, the extent of the perivascular fluid accumulation was graded into four classes, i.e., negligible, mild, moderate and severe changes, in each specimen. The results are shown in table 2. From this, it seems clear that vasogenic edema was almost absent in the Y-9179 group, whereas it was more evident and close to the control in the PBT group. 5. The course of the €CBF as related to each histological change Although the number of electrodes in the affected areas was relatively small, there was a clear-cut difference in the courses of the €CBF among the four histologically different cortical areas in the control group ( fig. 8A ). In the central zone, a P-€CBF of below 10 ml/lOOg/min was maintained. The reactive zone exhibited a little higher €CBF, around 20 ml/ lOOg/min. The border zone showed a wide variation of the €CBF. In the Y-9179 group, no electrode was found in the central zone. In the other areas, the courses of the €CBF were almost similar to those in the control group (Fig. 8C) . In the PBT group, on the contrary, a remarkable difference in €CBF courses was revealed in the border and reactive zones where a prominent increase in the €CBF occurred following PBT administration ( fig. 8B ). This corresponded to the fact that PBT caused a remarkable €CBF increase in the area with a P-€CBF lower than 40 ml/lOOg/min. It is noteworthy that the cortical area invariably underwent infarction in spite of this increase in the €CBF.
Discussion
The Infarction Ratio
In the control group, there was a linear correlation between the infarction ratio and the mean of the P-€CBF. The points in the PBT and Y-9179 groups were located mostly below and to the left of the regression line ( fig. 7 ). This fact in itself is indicative of the protective action of both drugs. Nevertheless, the statistical analysis revealed no significant difference when the infarction ratios of the three groups were compared. This was due to the fact that the control group included a few animals with high P-€CBFs and, subsequently, very low infarction ratios. Considering that the four animals that died during the observation period were already excluded from the control group, it seemed reasonable to make a further selection of animals so that all the experimental groups had comparable means and variances in respect to the P-€CBF. Therefore, the upper limit of the mean P-€CBF was arbitrarily determined as 50 ml/lOOg/min, and the animals with higher mean P-€CBFs were excluded from all the groups. Subsequent analysis revealed a significant difference between the control and Y-9179 groups ( fig. 7 below) . Such a procedure may appear artificial, but it is still believed rational as well as necessary when the present MCA occlusion model in cats is employed for the evaluation of a drug's effects on the infarction ratio.
Effects of the drugs on the courses of the €CBF following MCA occlusion
The present study revealed that a spontaneous redistribution of the €CBF took place in the control group during the first three hours following MCA occlusion. In the Y-9179 group, an €CBF redistribution similar to that in the control group was observed. Hence, it was shown that Y-9179 did not possess any specific effect on the €CBF. On the other hand, a remarkable change in the €CBF was observed in the PBT group. Following drug administration, a striking €CBF increase oc- 
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STROKE VOL 13, No 6, NOVEMBER-DECEMBER 1982 curred in the electrodes the P-€CBFs of which were below 40 ml/lOOg/min. As shown in figure 5 , the flow increase was greater in electrodes with P-€CBFs lower than 20 ml/lOOg/min. In the experiments by Branston et al., 7 the €CBF increased in poorly perfused areas (in which the P-€CBF or clip flow in their report was less than 20 ml/ lOOg/min) and it decreased in well-perfused areas (P-€CBF greater than 25 ml/lOOg/min) following administration of methohexital. Although the flow changes following drug administration are considered essentially similar, there are some discrepancies between the results of the present study and that of Branston et al. First, the P-€CBF value at which the regression line crossed the horizontal axis in figure 4 (60 ml/100g/ min) was considerably greater than the corresponding value obtained in their study (20 ml/lOOg/min). This may be be partly due to differences in experimental conditions, such as the kind of anesthetic, the control of the systemic arterial pressure and respiratory conditions, the kind of animal, the amount of the drug administered and so on. Since a significant flow change can occur during the first 30 minutes following MCA occlusion, 21 -22 the difference in the time interval between the first €CBF measurement and MCA occlusion may also be an important factor. In the present study, the P-€CBF was obtained 30 minutes after MCA occlusion, whereas in their study it was obtained immediately thereafter. Therefore, it is thought that the P-€CBF values in the present study were generally greater than the clip flow values in their study, reflecting the rapid collateral blood supply to the ischemic area. Second, they suggested that the flow increase in poorly perfused areas might result from a reduction in flow occurring in relatively well-perfused areas following the reduction in metabolic rate and vasoconstriction by the barbiturate. In the present experiment, however, the flow in well-perfused areas in the PBT group was not so remarkably reduced as to be statistically significant. On the other hand, the flow increase in the poorly perfused areas (P-€CBF < 40 ml/100g/ min) in the PBT group was a prominent feature. This may imply that the €CBF redistribution following PBT administration was not the result of the metabolic depression or vasoconstriction in well-perfused areas. Instead, it may indicate a direct vasodilatatory action of PBT on the vasculature in poorly perfused areas. This possibility will be discussed further in the following sections.
the subsequent evolution of pathological changes? So far as the correlation between the course of the €CBF and the final histological changes was examined, no evidence supporting the thesis that the increased €CBF was effective in relieving the corresponding cortical area from infarction was obtained. Nevertheless, it must be pointed out that PBT was administered 30 minutes after MCA occlusion in the present study. It is still possible that the area with an extremely low €CBF had undergone irreversible change before drug administration . The effect of an earlier administration of PBT would merit further investigation.
In the Y-9179 group, there were no differences from the control group in the €CBF distribution or its time courses following MCA occlusion. Therefore, it may be concluded that the €CBF change is not involved in its protective action. On the other hand, the histological examination suggested that Y-9179 might lessen cerebral edema of the vasogenic type. The above effect was observed in the center of the severely affected area and this indicates a direct anti-edema action of Y-9179, which might be related to the mechanism of its cerebral protection. Such an effect of Y-9179 would certainly deserve further investigation. A similar study in the PBT group revealed that the extent of the perivascular fluid accumulation was almost equal to the control group, indicating that the mechanisms of cerebral protection by PBT and Y-9179 are again different in this respect.
In summary, the present study revealed that both PBT and Y-9179 exerted protective actions against permanent regional ischemia in cats. PBT caused a significant €CBF increase in the severely ischemic areas, but this action of PBT did not seem to be involved in its protective action. Y-9179 had no significant action on the course of the €CBF but its antiedema effect may be related to its protective action. Finally it may be stated that yet unidentified mechanisms not related to the CBF are involved in cerebral protection by PBT and Y-9179.
